A flow cytometric phagocytosis assay was established to investigate the role of anti-merozoite antibody, complement, and cytokines on the phagocytosis of Plasmodium falciparum merozoites by human neutrophils. This assay involved allowing fluorescein isothiocyanate-labeled merozoites to interact with phagocytes and analysis of the cells on a FACScan with Lysis II software. To differentiate the proportion of neutrophil surfacebound merozoites from the merozoites ingested by neutrophils, the fluorescence of bound merozoites was quenched by adding trypan blue. The data showed that sera from malaria-immune individuals in the Solomon Islands and Papua New Guinea promoted merozoite engulfment by neutrophils. The cytokines tumor necrosis factor alpha, gamma interferon, granulocyte-macrophage colony-stimulating factor, and interleukin-1␤ significantly increased the amount and the rate of merozoite phagocytosis by neutrophils. Optimum merozoite phagocytosis occurred when both cytokines and anti-malarial antibody were present.
Immune responses to the merozoite stage are important in resistance to malaria, since this transitory stage, which emerges from schizonts, is responsible for the initiation and perpetuation of both the asexual and sexual parasite life cycles in the host's blood. Vaccine strategies aim to direct the immune response against merozoites (3, 4, 10, 11) , since antibodies to merozoite surface proteins have been shown to block adhesion and invasion of host erythrocytes (RBC) (1, 5, 8, 22, 27) . However, vaccine strategies need to take into consideration not only the merozoite invasion inhibition activity of the antibody but also its ability to promote phagocytosis of merozoites. Phagocytosis of Plasmodium falciparum merozoites has been observed in infected individuals (29, 31) . Rapid phagocytosis not only prevents merozoite invasion of RBC but also reduces toxic effects known to be caused by the membrane anchor molecules of merozoite surface proteins (9, 25) .
Studies of merozoite phagocytosis have been hampered for several reasons. The studies carried out on human monocytes (2, 13, 14) and neutrophils (19) depended on light-microscopic observations. Morphology-based microscopic examination of merozoites (size, 1.0 to 1.2 m) is tedious, subjective, and time-consuming. Studies which used purified merozoites are rare, and in fact, mature schizonts have been commonly used as a source of merozoites (1, 4, 8, 27) .
We have now developed a nonsubjective and versatile method for measuring phagocytosis of P. falciparum merozoites by human neutrophils by flow cytometric analysis. Purified merozoites were used to ensure that merozoite-specific immune mechanisms could be studied. Using this system, we have reexamined and extended the known immune factors which influence phagocytosis of P. falciparum merozoites by human neutrophils.
MATERIALS AND METHODS
Reagents. Human recombinant interleukin-1␤ (IL-1␤) (specific activity, 3.4 ϫ 10 4 U by lymphocyte-activating assay; Ͼ99% purity), recombinant tumor necrosis factor alpha (rTNF-␣) (specific activity, 6 ϫ 10 7 U/mg; Ͼ99% purity), and recombinant gamma interferon (rIFN-␥) (specific activity, 2 ϫ 10 7 U/mg; Ͼ99% purity) were produced by Genentech Inc. (South San Francisco, Calif.) and kindly provided by G. R. Adolf (Ernst Boehringer Ingelheim Institut, Vienna, Austria). Human recombinant granulocyte-macrophage colony-stimulating factor (rGM-CSF) was kindly provided by H. Aschauer (Sandoz Forschungsinstitut, Vienna, Austria). The preparation contained a specific activity of 6.2 ϫ 10 7 U/mg when assayed for colony formation by a chronic myeloid leukemia cell line. Murine monoclonal antibody (MAb) immunoglobulin G (IgG) to human heatlabile enterotoxin, TNF-␣, and IFN-␥ were provided by G. R. Adolf, and MAb (IgG) to IL-1␤ was obtained from Haem Pty. Ltd., Camberwell, Victoria, Australia. These products contained Ͻ0.01 ng of endotoxin/ml, as determined by Limulus amoebocyte lysate assay.
RPMI 1640 medium, medium 199, and Hanks balanced salt solution (Cytosystems, Castle Hill, Australia), Percoll (Pharmacia LKB Biotechnology, Uppsala, Sweden), and [
3 H]hypoxanthine (Amersham Corp., Arlington Heights, Ill.) were purchased. Trypan blue, D-glucose, N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES buffer), and fluorescein isothiocyanate (FITC) were purchased from Sigma Chemical Co., St. Louis, Mo. All reagents were prepared in pyrogen-free distilled water according to the manufacturers' instructions. Percoll (75%; d ϭ 1.126) was prepared in 10ϫ phosphate-buffered saline (PBS). The media, sera, buffers, and cytokines were tested regularly for endotoxin contamination by Limulus amoebocyte lysate assay. Sera. Immune plasma or sera were obtained from 30 adults who were longterm residents in malaria-endemic areas in the Solomon Islands and Papua New Guinea. These samples, referred to as immune sera (IS), contained high titers of anti-MSA-2 (merozoite surface antigen-2) antibody as detected by enzymelinked immunosorbent assay compared to sera obtained from healthy individuals who had not been to a malaria-endemic area (normal sera [NS] ). Sera from five adults that contained high MSA-2 antibody levels were pooled and used in this study. Both IS and NS were heated at 56°C for 30 min to inactivate complement.
Merozoites. Synchronized P. falciparum (3D7 and FC27 strains) in vitro cultures were maintained in fresh human RBC (blood group O ϩ ; RBC with less than 1 week of storage at 4°C) in RPMI 1640 medium supplemented with 10% heat-inactivated human group AB serum, 0.25% D-glucose, and 0.85% TES buffer as described previously (17, 18) . The cultures were maintained in 60-ml volumes in culture flasks (175-cm 2 ; Nunc Co., Roskilde, Denmark) with daily culture changes and gassing (1% O 2 and 5% CO 2 in N 2 ). Giemsa-stained smears were prepared to detect mature schizont counts. Spontaneously released merozoites were collected from the cultures containing 6 to 15% parasitized RBC with over 80% mature schizonts. Merozoites were separated by layering 7 ml of cultures on 3 ml of Percoll (75%) and centrifuging the tubes at 750 ϫ g for 5 min (19) . The merozoite band (a dark band in the liquid phase above Percoll) was suspended in PBS (9 ml) and subjected to slow centrifugation (235 ϫ g for 4 min) to remove any contaminatory RBC. The supernatant containing merozoites was aspirated into a syringe and filtered through two interconnected filters (Swinnex filters; 3-and 1.2-m pore size in filter holders; Millipore Corp., Bedford, Mass.) to remove any contaminatory RBC or infected RBC (21) . The filtrate was centrifuged at 2,110 ϫ g for 10 min, and the pellet was reconstituted in a small volume of PBS. Comparisons were carried out of the merozoites fixed in 1% formalin and washed several times, those killed instantly by heating (at either 50 or 60°C for 1 min in a water bath while being shaken gently), and those prepared from culture supernatants without the use of Percoll gradient.
Preparation of FITC-conjugated merozoites. Purified merozoites (10 8 /200 l of PBS free of Ca 2ϩ and Mg 2ϩ ) were labeled with FITC (0.1 mg/ml) for 30 min at 37°C in the dark. Unbound FITC was removed by washing the merozoites twice with PBS by centrifugation (2,113 ϫ g for 10 min). The merozoites were dispensed into polystyrene tubes (9 by 76 mm) at 5 ϫ 10 6 in 100 l of PBS/tube. Preparation of neutrophils. Neutrophils were prepared by the rapid singlestep technique (7) . Freshly drawn peripheral blood from healthy volunteers was layered onto Ficoll-Hypaque (density, 1.114) and centrifuged at 400 ϫ g for 30 min. The neutrophils, which resolved in the second leukocyte band, were harvested and washed three times. These were Ͼ97% pure and Ͼ99% viable as determined by the trypan blue exclusion method. The neutrophils were suspended in PBS at 10 6 /100 l and mixed with 100 l of cytokines (0.10 to 1,000 U) or PBS (control) and incubated at 37°C for 30 min.
Opsonization and interaction of merozoites with neutrophils. Merozoites (5 ϫ 10 5 in 100 l) were mixed with 50 l of sera (IS/NS/heat-inactivated NS [HNS]/ HBSS diluted 1:3 with RPMI 1640 medium), and the tubes were incubated at 37°C for 20 min. They were then mixed with neutrophils (10 6 in 100 l) and incubated for various times (1, 5, 10, and 30 min) at 37°C in the dark, with gentle mixing of the tubes after every 5 min. The tubes were placed on ice following incubation, and flow cytometry analysis was conducted immediately.
Flow cytometry analysis of phagocytosis. Neutrophils that had interacted with merozoites were analyzed on a fluorescence activated cell scan (FACScan) with Lysis II software (Becton Dickinson). Typically, 10,000 neutrophils were counted per tube. Debris and nonadhered (free) merozoites were excluded by using forward scatter and side scatter. The region for the neutrophil population was then selected (Fig. 1A) . In addition, to ascertain that cells in the selected region were neutrophils, we also stained the neutrophils by combined staining with CD16 FITC (Becton Dickinson Immunocytometry Systems, San Jose, Calif.)-CD14 phycoerythrin (Dako Co., Glostrup, Denmark)-CD45 peridinin chlorophyll protein. Neutrophils were identified as CD16 bright, CD45 bright, high side scatter events. Monocytes were excluded as CD14 bright events.
Median fluorescence intensity (MFI) was recorded (Fig. 1B) , and then 50 l of trypan blue (0.4%) was added to the tubes to quench the fluorescence of adhered (23, 30) merozoites. In preliminary experiments, 0.1 to 4.0% trypan blue was used, and 0.4% was selected as the optimum concentration which quenches the fluorescence from adhered parasites without affecting that of ingested merozoites. Histograms (Fig. 1B) were drawn based on MFI, and to remove the autofluorescence of neutrophils from the neutrophils that had interacted with FITC-conjugated merozoites, the value for neutrophils alone was deducted.
Statistics. The data are presented as means with standard errors of the means (SEM) of triplicates and analyzed by the t test for paired data.
RESULTS
Flow cytometry analysis of phagocytosis. The flow cytometric method enabled us to study at least 10,000 neutrophils per treatment for the event of phagocytosis of P. falciparum merozoites. As shown in Fig. 1A , there was an increase in the forward scatter due to cytokine treatment of neutrophils and attachment of opsonized merozoites to neutrophils. These differences were also reflected in the histogram drawn on the basis of the median fluorescence intensity (Fig. 1B) . The method allowed the differentiation of merozoites ingested by neutrophils from those adhering to neutrophils (Fig. 1B) . Trypan blue (0.4%) addition effectively quenched the fluorescence of merozoites adhering to neutrophils without affecting the fluorescence of merozoites ingested by the neutrophils (Fig. 1B) . This was also confirmed by examining the samples treated or not treated with trypan blue by microscopy under fluorescence (data not presented). While heat-killed merozoites and the merozoites which were not subjected to any treatment produced the same results, formalin-fixed merozoites were not suitable for phagocytic studies (data not presented).
Comparison of the effects of NS, IS, HNS, and HIS. Neutrophils were allowed to react with merozoites which had been pretreated with either IS, heat-inactivated IS (HIS), NS, or HNS. The neutrophils were examined for ingestion and adherence of merozoites. The results showed that IS markedly increased phagocytosis of merozoites compared to NS (6-fold more) and HNS (12-fold more) (Fig. 2) . When the data for individual samples were assessed, 93% of the IS samples showed a greater degree of phagocytosis-promoting activity than NS and 100% more than HNS. Heat inactivation of IS did not significantly affect the IS-enhanced phagocytosis of merozoites (data not presented).
Effects of cytokines. The results shown in Fig. 3 indicate that the cytokines TNF-␣, GM-CSF, IL-1␤, and IFN-␥ significantly enhanced phagocytosis of merozoites by neutrophils in the presence of NS. The effect of these cytokines was concentration dependent and is illustrated for IL-1␤ (Fig. 4) . Treatment of the cytokine preparation with cytokine-specific MAbs or heating at 80°C for 30 min abolished the cytokine-induced increase in merozoite phagocytosis (data not shown).
The results of the combined effects of the cytokine (TNF-␣) pretreatment of neutrophils and IS opsonization of merozoites are shown in Fig. 5 . Optimum merozoite ingestion was seen in the presence of both TNF-␣ and IS. This effect was significantly higher than the TNF-␣-induced effects (P Ͻ 0.025) or IS effects (P Ͻ 0.01).
Kinetics of merozoite phagocytosis. The kinetics of merozoite phagocytosis of neutrophils over a 30-min incubation was assessed. As shown in Fig. 6 , adhesion of parasites occurred within minutes of contact with neutrophils. In the presence of HNS, insignificant merozoite ingestion occurred at all time points. Merozoites opsonized with NS were ingested at a higher rate than those treated with HNS. In comparison, neutrophils pretreated with TNF-␣ (in the presence of HNS) or neutrophils that had interacted with merozoites opsonized with IS showed significantly higher ingestion of merozoites than the neutrophils that had interacted with merozoites exposed to NS or HNS.
DISCUSSION
Insight into the immune effector mechanisms against the merozoite stage of P. falciparum is essential to develop strategies for vaccine development. In the present study we have argued that in addition to the merozoite agglutination properties of antibody, other immune responses against merozoites should also be elucidated. Our results show that phagocytosis of P. falciparum merozoites can be influenced by many immune factors and that phagocytosis can be efficiently measured by flow cytometry.
Although the immune factors which affect the P. falciparum intraerythrocytic-stage elimination by the host have been described (16), the factors which affect merozoite phagocytosis remain to be appropriately studied. The studies carried out with monocyte phagocytosis of merozoites have described the effects of antibody, the soluble factor(s) which is released during this interaction, and how these factors cause degeneration of intraerythrocytic forms of P. falciparum (2, 26) . The importance of complement, antimalarial antibody, and cytokines in the phagocytosis of merozoites by human neutrophils was clarified in the present study. The data showed that the cytokines IFN-␥, TNF-␣, IL-1␤, and GM-CSF enhance merozoite phagocytosis by human neutrophils. These cytokines are produced during malaria episodes, and their roles in relation to immunity and the pathology of malaria have been discussed (6, 16, 28) . This is consistent with previous findings which showed that TNF-␣ and IFN-␥ enhance the neutrophil respiratory burst in response to P. falciparum merozoites, as analyzed by chemiluminescence (19) . Results of studies of the kinetics of phago- cytosis showed that antibody and cytokines markedly increased the rate of neutrophil phagocytosis of merozoites. The results also showed that the maximum merozoite phagocytosis of neutrophils occurred in the presence of both cytokines and opsonic antibody.
The flow cytometry assay described in this paper was done with purified merozoites devoid of contamination with other parasitic stages, while previous studies based on chemiluminescence (12, 19, 20, 24) or morphology (13, 14, 19) have not addressed this aspect. The flow cytometry method offers a simpler, rapid, more reproducible, and less subjective method to study phagocytosis compared to previous methods. An added advantage is the ability to distinguish adhering merozoites from ingested merozoites by trypan blue quenching. In contrast, a chemiluminescence response can be a result of nonadhering, adhering, or ingested parasites. Compared to morphology, flow cytometry allows the study of a larger number of neutrophils (10,000 in this study) at a time. Previous morphology-based phagocytic studies have described the fate of phagocytic cells or intraerythrocytic parasitic stages rather than the fate of the merozoite (2, 13, 14, 19) . It is difficult to quantitate how many merozoites have been ingested; therefore, the studies have focused on how many phagocytes are involved in phagocytosis of merozoites (19) , while some others addressed the fate of intraerythrocytic stages of P. falciparum during phagocytosis of merozoites (2, 13, 14, 26) . In contrast, the present study provides a method to follow the fate of the merozoites, and the extent of merozoite adherence or ingestion.
This work not only illustrates the importance of immune serum (containing high titers of MSA-2) in promoting merozoite phagocytosis but also shows a role for agonist cytokines. The action of both of these factors is more likely to ensure removal of the merozoites than either of them alone. The data parallel previous findings with the intraerythrocytic asexual stage of these parasites, where phagocytosis and killing of the organism were optimal when both antibody and cytokines were present (16, 17) . While aspects of the relationship between opsonic antibody types and cytokine-induced heavy-chain gene switching remain speculative, it is evident that certain cytokine patterns give rise to opsonic antibodies and others give rise to nonopsonic antibodies (15) . Thus, in the context of the present findings with merozoites and previous reports on intraerythrocytic asexual blood stages, a delicate balance seems to be required between the type of cytokine pattern and the type of IgG subclass response induced by parasite antigens. Based on the results of this study and those of previous studies of P. falciparum intraerythrocytic stages (17, 18) , this may best fit the type 1 cytokine pattern (Th1). FIG. 6 . Time-related effect of P. falciparum merozoite ingestion by human neutrophils. Comparisons were made with parasites opsonized with IS-NS-HNS without cytokine pretreatment of the neutrophils or with parasites opsonized with HNS and allowed to interact with TNF-␣ (100 U/10 6 neutrophils). The results are expressed as the means of triplicates which are representative of two experiments.
